Herpes simplex virus type 1 (HSV-1) glycoprotein C (gC) blocks complement activation, and glycoprotein E (gE) interferes with IgG Fc-mediated activities. While evaluating gC-and gE-mediated immune evasion in human immunodeficiency virus (HIV)-HSV-1-coinfected subjects, we noted that antibody alone was more effective at neutralizing a strain with mutations in gC and gE (gC/gE) than a wild-type (WT) virus. This result was unexpected since gC and gE are postulated to interfere with complement-mediated neutralization. We used pooled human immunoglobulin G (IgG) from HIV-negative donors to confirm the results and evaluated mechanisms of the enhanced antibody neutralization. We demonstrated that differences in antibody neutralization cannot be attributed to the concentrations of HSV-1 glycoproteins on the two viruses or to the absence of an IgG Fc receptor on the gC/gE mutant virus or to enhanced neutralization of the mutant virus by antibodies that target only gB, gD, or gH/gL, which are the glycoproteins involved in virus entry. Since sera from HIV-infected subjects and pooled human IgG contain antibodies against multiple glycoproteins, we determined whether differences in neutralization become apparent when antibodies to gB, gD, or gH/gL are used in combination. Neutralization of the gC/gE mutant was greatly increased compared that of WT virus when any two of the antibodies against gB, gD, or gH/gL were used in combination. These results suggest that gC and gE on WT virus provide a shield against neutralizing antibodies that interfere with gB-gD, gB-gH/gL, or gD-gH/gL interactions and that one function of virus neutralization is to prevent interactions between these glycoproteins.
Herpes simplex virus type 2 (HSV-2) infection is a significant risk factor for the acquisition of human immunodeficiency virus (HIV) (27, 39, 42) . Individuals who are seropositive for HSV-2 have a twofold increased risk of acquiring HIV (39) . Acquisition rates appear greatest following the initial HSV-2 infection, when HSV-2 reactivation is most frequent (3, 29, 40) . Currently, 17% of adults in the United States are infected with HSV-2, with much greater prevalence rates in parts of South America and Africa (33, 44) . While less is known about the epidemiological link between HSV-1 and HIV, studies suggest similar interactions (5, 6) .
HSV-1 encodes glycoproteins involved in evading immunity, which is mediated by antibody or complement (22) . Glycoprotein C (gC) binds complement component C3b, preventing the activation of the complement cascade (9, 11, 15, 19, 30, 31) . Glycoproteins E and I (gE and gI) form a high-affinity receptor that binds the Fc region of immunoglobulin G (IgG), inhibiting complement activation and antibody-dependent cellular cytotoxicity (8, 10) . HSV-1 strains that are defective in either IgG Fc or C3b binding or both due to targeted mutations in gC and gE are less virulent than the WT or marker-rescued viruses (23) (24) (25) (26) .
We were interested in determining whether antibody and complement levels are maintained at high enough concentrations in HIV-infected individuals to neutralize an HSV-1 strain with mutations in gC and gE (gC/gE) that is defective in immune evasion. If so, strategies aimed at blocking the immune evasion properties of gC and gE in HIV-infected subjects coinfected with HSV may represent a novel approach to preventing HSV recurrences (7, 20, 21) .
We evaluated HIV-HSV-1-coinfected subjects and unexpectedly demonstrated that antibodies from -coinfected and HSV-1-monoinfected subjects had a greater neutralizing activity against an HSV-1 gC/gE mutant than against a WT virus. Since HSV-1-neutralizing antibodies primarily target the viral glycoproteins that are required for virus entry, we compared the neutralization of gC/gE mutant and WT viruses, using antibodies to gB, gD, or gH/gL, used either alone or in combination (16, 17, 34, 35, 38) . We demonstrated that antibodies against each glycoprotein used alone showed neutralization activity that was comparable for both viruses; however, used in combination, antibodies were significantly more active against the gC/gE mutant than the WT virus. These results support a protective role for gC and gE on the WT virus in preventing antibodies from blocking interactions between gB, gD, and gH/gL.
MATERIALS AND METHODS

Cells and viruses.
African green monkey kidney cells (Vero) were grown in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 10 mM HEPES (pH 7.3), 20 g/ml gentamicin, and 1 g/ml amphotericin B (Fungizone; Life Technologies, Rockville, MD). Pools of purified virus were prepared by infecting Vero cells at a multiplicity of infection range of 2 to 5. Supernatant fluids 24 h postinfection were harvested for cell-free virus and centrifuged onto a 5% to 70% sucrose gradient (13) . Virus-containing fractions were isolated and dialyzed against Dulbecco's phosphate-buffered saline (PBS) with Ca  2ϩ and Mg   2ϩ , aliquoted, and stored at Ϫ70°C.
The WT strain, HSV-1 NS, is a low-passage clinical isolate obtained from an infected child (12) . Mutant viruses derived from the NS strain, NS-gC⌬C3 and NS-gE339, and the double mutant NS-gC⌬C3,gE339 have been described previously (20, (24) (25) (26) . The gC mutant virus NS-gC⌬C3 has a deletion from amino acid 275 to 367, resulting in a loss of C3b binding (23) . The gE mutant virus NS-gE339 has a four-amino-acid insertion at gE amino acid 339, resulting in the loss of IgG Fc binding (26) . The gC/gE double-mutant virus NS-gC⌬C3,gE339 contains both the gC and gE mutations in a single virus (20, 24) .
Serum isolation. Sera from HIV subjects at various stages of HIV disease (CD4 count, Ͻ200/l, 200 to 500/l, Ͼ500/l) were obtained from the Clinical Core Laboratory of the University of Pennsylvania Center for AIDS Research. Sera were tested for antibodies to HSV-1 and HSV-2 by using a HerpeSelect 1 and 2 enzyme-linked immunosorbent assay (ELISA) IgG (Focus Technologies, Cypress, CA), which is a glycoprotein G-based assay that can detect type-specific IgG antibodies. Samples that were antibody positive to HSV-1 and antibody negative to HSV-2 (HSV 1ϩ/2Ϫ) were selected for further evaluation. HIVseronegative sera were obtained from healthy volunteers who participated in the GlaxoSmithKline HSV-2 glycoprotein D adjuvant (gD2) placebo-controlled vaccine trial (36) . Sera selected were from HSV 1ϩ/2Ϫ subjects who did not receive the gD2 vaccine. Subject consent was obtained prior to the study, and the University of Pennsylvania Human Subjects Committee approved the use of human sera for this research.
IgG preparations. Patient IgG was purified from sera, using HiTrap protein G columns according to the manufacturer's instructions (Amersham Biosciences, Uppsala, Sweden). Fractions containing protein were pooled, dialyzed against PBS at 4°C, concentrated, and stored in aliquots at Ϫ20°C. IgG was purified from rabbits inoculated with the purified baculovirus proteins gB, gC, gD, gH/gL, or gI (2, 28, 32) . The antibody to gI was produced in rabbits, using baculovirusexpressed gI amino acids 24 to 264 as the antigen (H. M. Friedman, unpublished). Pooled human IgG was purchased from the Michigan Department of Public Health, Lansing, that was prepared from the sera of thousands of HIVnegative donors (26) .
Antibody neutralization assay. Purified virus at a final concentration of 10 6 PFU/ml was incubated in 50 l with an equal volume of 1% HSV 1ϩ/2Ϫ serum treated with EDTA to inactivate the complement or with PBS for 1 h at 37°C (13, 14) . Viral titers remaining were determined by plaque assay on Vero cells. Antibody neutralization was calculated as the difference between the titers of virus that was incubated with PBS and that of virus incubated with EDTAtreated serum to inactivate the complement. In some assays, pooled human IgG or rabbit antibodies to the purified baculovirus proteins gB, gC, gD, gH/gL, or gI were used (2, 24, 28, 32, 37) . Western blotting and densitometry analyses. Purified WT and gC/gE mutant viruses, each at 2 ϫ 10 5 , 1 ϫ 10 6 , and 4 ϫ 10 6 PFU, were run on 4 to 15% sodium dodecyl sulfate-polyacrylamide gels, transferred to Immobilon-P transfer membranes (Millipore Corp., Bedford, MA), and detected using polyclonal rabbit antibodies to gB, gC, gD, gE, gH/gL, gI, and VP5 (2, 21, 28, 32, 37, 41) . Horseradish peroxidase-conjugated goat anti-rabbit IgG and enhanced chemiluminescence (Amersham Pharmacia, Piscataway, NJ) were used to visualize the primary antibodies. Densitometry analyses were performed using a ScanMaker i900 (Microtek Lab Inc., Carson, CA) unit to compare relative protein concentrations.
Statistical analysis. Student's t test (Microsoft Excel software) was used to determine P values. Results were considered significant at a probability (P) value of Ͻ0.05.
RESULTS
Antibody neutralization of WT and gC/gE mutant viruses using serum from HIV-HSV-1-coinfected subjects. To identify HIV subjects coinfected with HSV-1 (HSV 1ϩ/2Ϫ), we tested serum for antibodies to HSV-1 and HSV-2 from the first 133 subjects enrolled in the Center for AIDS Research Clinical Core database, for whom both serum and CD4 T-cell counts were available. Overall, 39% had CD4 T-cell counts of Ͼ500/ l, 28% had 200 to 500/l, and 33% had counts of Ͻ200/l. Twenty-eight percent of subjects were seropositive for HSV-1 and seronegative for HSV-2 (HSV 1ϩ/2Ϫ), 23% were HSV 1Ϫ/2ϩ, 41% were doubly seropositive (HSV 1ϩ/2ϩ), and 8% were doubly seronegative (HSV 1Ϫ/2Ϫ). Sera from HSV 1ϩ/2Ϫ subjects were selected for further analysis.
The neutralizing activity of the antibody was determined by using a 1:100 dilution of serum (1%) that was treated with EDTA to inactivate complement. Antibody neutralized both the WT virus and the gC/gE mutant virus at all stages of HIV disease; however, antibody neutralization of the gC/gE mutant virus was greater than that of the WT virus for each of the four groups tested (Fig. 1) . We previously reported that gC and gE protect the virus from neutralization because these glycoproteins inhibit complement activation. Much higher concentrations of neutralizing antibodies were used in the current study than in our previous reports (20, 24) . Nevertheless, we were surprised to find that antibody alone had a greater effect on the gC/gE mutant than on the WT virus.
Neutralization of the WT and gC/gE mutant viruses, using pooled human IgG. To further evaluate the enhanced neutralization of the gC/gE mutant virus by antibody, a dose-response experiment was performed using serial twofold dilutions of pooled human IgG. At 25, 50, and 100 g/ml, the pooled human IgG neutralized more of the gC/gE mutant virus than the WT virus, demonstrating 0.6, 1.0, and 2.0 log 10 differences, respectively, at increasing concentrations of IgG (Fig. 2) . At 200 g/ml, the IgG totally neutralized both viruses. Therefore, the gC/gE mutant virus was more readily neutralized than the WT virus by HSV antibodies in a dose-dependent fashion.
The WT and gC/gE mutant viruses express similar levels of HSV glycoproteins on the virion. Additional studies were per-FIG. 1. Neutralization of the HSV-1 WT and gC/gE mutant viruses by antibody. The WT virus or the gC/gE mutant virus was incubated for 1 h at 37°C with 1% serum treated with EDTA to inactivate complement. Comparing antibody-mediated neutralization of the gC/gE mutant with that of the WT virus: HIV negative, P ϭ 0.18; CD4 Ͻ200/l, P Ͻ 0.01; CD4 200 to 500/l, P Ͻ 0.06; and CD4 Ͼ500/l, P Ͻ 0.04; all four groups combined, P Ͻ 0.0001.
formed to evaluate the unexpected finding that antibody had a greater neutralizing effect on the gC/gE mutant virus than it did on the WT virus. One possible explanation for the greater susceptibility of the gC/gE mutant virus to antibody is that the mutant virus may incorporate fewer HSV-1 glycoproteins into the virion envelope. If this occurs, fewer antibody molecules would be required to neutralize the virus, since fewer target glycoproteins are present. We performed Western blotting and densitometry analysis using 2 ϫ 10 5 , 1 ϫ 10 6 , or 4 ϫ 10 6 PFU purified WT or gC/gE mutant virus in alternating lanes of the gel to evaluate the relative concentrations of the glycoproteins, including those essential for virus entry, gB, gD, and gH/gL. Analysis of the HSV-1 capsid protein VP5 was included to ensure comparable loading of the WT and gC/gE mutant virus particles on the gel (18) . We detected some differences in the relative concentrations of HSV-1 glycoproteins expressed on the WT and the gC/gE mutant viruses; however, concentrations of gB, gD, and gH/gL were slightly higher on the gC/gE mutant than on the WT virus, suggesting that the greater neutralizing activity of the mutant virus is not caused by lower concentrations of target glycoproteins (Fig. 3) .
Nonfunctional viral IgG Fc receptor does not explain the increased susceptibility of the gC/gE mutant virus to neutralizing antibody. Another possible explanation for the increased antibody neutralization of the mutant virus is that the mutation in the HSV-1 IgG Fc receptor (Fc␥R) contributes to the enhanced neutralization. Figure 4A shows the possible mechanisms by which the HSV-1 Fc␥R may interfere with antibody neutralization. By binding the Fc domain of IgG, the HSV-1 Fc␥R on the WT virus may prevent the F(abЈ) 2 domain from interacting with its target antigen (Fig. 4A , at the left of the WT model). In contrast, the gE mutation in the gC/gE mutant virus eliminates Fc␥R activity, which may facilitate interactions between the F(abЈ) 2 domain and the antibody target, resulting in greater neutralization.
To evaluate this possibility, pooled human IgG was used to compare the neutralization of a gE mutant strain that is defective in Fc␥R activity with that of a gC mutant virus that has an intact Fc␥R. If the viral Fc␥R inhibits neutralization, we postulated that the mutant virus with an intact Fc␥R would be less neutralized than the mutant virus with a defective Fc␥R.
Viruses were incubated with PBS or 100 g/ml pooled human IgG as the source of HSV antibodies. Antibody was equally effective at neutralizing the Fc␥R-intact and the Fc␥R-defective viruses and was even more active against the gC/gE double-mutant virus (Fig. 4B) . Therefore, a nonfunctional viral Fc␥R does not explain the increased susceptibility of the gC/gE mutant virus to neutralization mediated by antibody alone. In addition, since the gC/gE double-mutant virus was neutralized more readily than either of the single-mutant viruses from which it was derived, we conclude that the mutations in gC and gE both contribute to increasing the susceptibility of the gC/gE mutant virus to neutralizing antibody. gC and gE immune evasion domains shield critical neutralizing epitopes on gB, gD, and gH/gL. We next performed assays to compare neutralization of the WT and the gC/gE mutant viruses following incubation with rabbit antibodies that interact with gB, gD, or gH/gL, and as controls, antibodies to gC and gI that are dispensable glycoproteins for virus entry were included. Antibodies to gB and gD and, to a lesser extent, to gH/gL neutralized both viruses in a dose-dependent fashion, while antibodies to gC and gI had little neutralizing activity against either virus (Fig. 5) . Surprisingly, we detected minimal differences between the neutralization of the WT virus and that of gC/gE mutant virus by antibodies to gB, gD, or gH/gL, except when anti-gD IgG was used at 30 g/ml (Fig. 5C) . The results shown were from experiments performed once at each IgG concentration; however, experiments were performed three additional times using anti-gD IgG at 30 g/ml, and the differences between results for the gC/gE mutant and WT viruses were reproducible (1.5 log 10 greater neutralization of the gC/gE mutant than of the WT virus, mean of four determinations; P Ͻ 0.01) (results not shown). Experiments were repeated two to three additional times using anti-gB, anti-gD, or anti-gH/gL IgG at 10 g/ml, which showed no differences between the two viruses (results not shown). Therefore, with the exception of gD at 30 g/ml, the antibodies to the individ- ual glycoproteins failed to demonstrate differences in neutralization between the two viruses.
Since the human sera used in Fig. 1 and 2 contained antibodies to multiple glycoproteins, we performed neutralization experiments using antibodies in combinations. We combined 5 g/ml of anti-gB IgG with 5 g/ml anti-gD IgG, 5 g/ml anti-gB with 5 g/ml anti-gH/gL, or 5 g/ml anti-gD with 5 g/ml anti-gH/gL and detected much greater neutralization activity of the gC/gE mutant virus than of the WT virus (Fig. 6 ). This result was striking since, when antibodies were used alone at twofold higher concentrations (10 g/ml), none of the antibodies showed greater neutralization of the gC/gE mutant virus (Fig. 5A, C, and D) . As a control, antibodies to a glycoprotein required for entry were combined with one that is dispensable. Five micrograms of anti-gD IgG per milliliter and 5 g/ml anti-gI IgG were combined, which showed no enhanced neutralization of the gC/gE mutant virus (Fig. 6) . Therefore, the results suggest that the gC and gE mutations expose domains on glycoproteins that interact with one another during the entry process.
DISCUSSION
An interesting finding in the current study was that gC and gE protected the WT virus from antibody neutralization. Our prior studies failed to detect significant differences between antibody neutralization of the WT virus and that of the gC/gE mutant viruses. A possible explanation for the differing results is that in the prior studies, we intentionally used low antibody concentrations so that the antibody neutralized the WT virus by only ϳ50% (0.3 log 10 ) (20, 24) . This approach enabled us to optimize the assay to detect the added neutralizing effects of complement (20, 24) . At low antibody concentrations, neutralization of the gC/gE mutant virus was only slightly greater than that of the WT virus (20) . In contrast, the current study used antibody from individual donors at a 1:100 dilution of serum. The range of neutralizing antibody titers in the sera varied, but overall, the neutralizing titers were much higher than in our prior studies, since antibody alone neutralized, on average, ϳ2 log 10 WT virus compared with 0.3 log 10 . At these higher antibody concentrations, differences between the neutralization of the WT virus and that of the gC/gE mutant virus were readily apparent.
Studies to explain the greater antibody neutralization of the gC/gE mutant than the WT virus demonstrated that fewer glycoprotein targets for neutralizing antibodies on the gC/gE mutant virus or the lack of IgG Fc binding to the mutant virus does not explain the enhanced neutralization. Antibodies that targeted only gB, gD, or gH/gL demonstrated little difference in neutralizing activity against the WT virus or the gC/gE mutant virus; however, when antibodies to these essential entry glycoproteins were used in combinations, we detected enhanced neutralization of the gC/gE mutant virus.
We postulate that the combinations of antibodies prevented the interactions between gB, gD, and gH/gL that are required for virus fusion with cell membranes and subsequent entry of virus into cells. Since neutralization was enhanced by each combination of antibodies to the entry molecules (gB-gD, gBgH/gL, and gD-gH/gL), our results suggest that gB interacts with gD, gB interacts with gH/gL, and gD interacts with gH/gL. Recently, bimolecular complementation was used to evaluate cell-cell fusion mediated by gB, gD, and gH/gL. The results demonstrated that gB interacts with gD and gD interacts with gH/gL, and when gD binds to its receptor, gB interacts with gH/gL (1). Therefore, our results are entirely consistent with these observations. In addition, our results suggest that to effectively block the interactions between gB, gD, and gH/gL, antibodies must bind to more than one of the entry molecules and that gC and gE on the WT virus provide a shield that prevents the antibodies from interfering with gB-gD, gB-gH/gL, or gD-gH/gL interaction (Fig. 7) . Anti-gD IgG, when used at 30 g/ml, was an exception to the requirement for combinations of antibodies that revealed differences between the WT and gC/gE mutant viruses. We postulate that at this high concentration of gD antibody, a critical domain of interaction between gD and either gB or gH/gL was interrupted. Experiments that use monoclonal antibodies targeted to particular domains on gB, gD, or gH/gL will be required to further define the domains of interaction unmasked in the gC/gE mutant virus.
Studies using chemical cross-linkers previously demonstrated that gC forms heterooligomers with gD, gB, and gH/gL, which suggests that gC epitopes are in close proximity to these other glycoproteins (17) . Epitope masking of neutralizing domains has been described as an evasion strategy for HIV-1 gp120, in which the gp120 variable domains V1 to V3 shield conserved neutralizing epitopes elsewhere on gp120 (4, 43) . 6 . Neutralization by combinations of antibodies to HSV-1 glycoproteins involved in entry. The WT and gC/gE mutant viruses were incubated with a total of 10 g/ml of IgG consisting of 5 g/ml each of anti-gB and anti-gD IgG, anti-gB and anti-gH/gL IgG, anti-gD and anti-gH/gL IgG, or anti-gD and anti-gI IgG. Results represent the means Ϯ standard errors of three determinations for each combination (P Ͻ 0.005, for a comparison of the WT and gC/gE mutant viruses for each combination, except anti-gD and anti-gI, for which P ϭ 0.2).
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Our results extend these findings to include the herpesvirus family and demonstrate masking of neutralizing domains by neighboring glycoproteins. We previously reported that the HSV-1 Fc␥R protects the virus by antibody bridging, which blocks functions mediated by the IgG Fc domain, while gC binds C3b to inhibit complement activation (8, 10, 11, 15, (23) (24) (25) (26) . The current study reveals an additional immune evasion mechanism in which gC and gE prevent antibodies from disrupting the interactions between gB, gD, and gH/gL. The relative importance of these diverse immunity evasion strategies cannot be assessed by the current study; however, based on our prior results, we postulate that the virus may use different mechanisms depending on antibody concentrations (20, 24) . Our findings also reveal a novel mechanism for HSV-1 neutralization by suggesting that antibodies prevent interactions between viral glycoproteins required for fusion and entry.
